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 MD study of diffusion in liquid Li and He/Li
mixtures

« MD study of the LI sputtering Yields and
He reflection coefficients for He+ ion
| collisions with a liquid He/Li surface
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- = « He Bubble formation in liquid Li — MD,
MC studies, existing problems and future
work



ViElecllar Dynamics MmeEiioE s

MD numerically calculates the classical equations of motion (EOM) on a computer
I.e. it gives the phase space trajectories of a system.

i

LA™ 0,0 0V (1)),

)

The physical variables could be obtained

| by averaging over the trajectories. E.g., 7 JT = <T >,
- | and Pare calculated as follows:

Here, ¢ (I;;) is the inter-particle potential function, r is the

average density, (') — the pair-correlation function — the
probability for two particles to be a distance r.




Finite-Difference region

Accelerated MDD g

Our hybrid MD method combines atom.
Molecular Dynamics (the red area in Fig.1)
with a continuum mechanics (blue & white
areas) equations solved by elasticity theory
and thermodynamics.

The HMD method:

1. Demonstrates correct physics.

2. Accel. computing by a factor of 100.

3. Has little limitation for the system size.

Fig.2: a sample for solid surface study: the
MD area (with extensive calculation load) is
100A in diameter but the total size of the
effective size is 100 times bigger.
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4 The Finite

Thermal balance

- Difference  Region (Mesh)

. 1 y —thermaldiffusiviy,
r - - — & dr (r,t . _
|(t) = - o (", )=XAT(r,t) K bulkn.rlodl-llus,
j# i i dt &-bulk visceity,

The eq. of motion : a —thermexpanscoeff,
d’u, 0o, 1-shearmodulus,
dt?  dx . n-shear visosity.
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Finite-Difference region

Thermal Bath .
Fig.3

Multi-scale Molecular Dynamics: Red area: MD region, the
atomic equations of motion are solved (pink frame). Blue area:
thermostat.
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TBQM (1) was used in [1] for obtaining a suitable ion-ion potential for disordered Lithium system
(small clusters). He-He potential was chosen of a (exp-6) type [2]. Li-He potential was obtained by
two ways: the Lorentz-Berthelot rule (#1) and from quantum mechanics [3].
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Parameters used for this simulation:
Li-Li: €y MRY ¢, MRy p q Iy au.
2.4450 23.889 7.75 0.737 5.490
He-He: 0.0694 14.5 5.61
Li-He#1: 1.52 14.5 5.55
Li-He#2: 2.35 3.57

Reference:
[1] Y. Li et al, Phys. Rev. B57 (1998) 15519.
[2] R.A. Aziz et al, JCP 94 (1991) 8047.

[3] P. Soldan, Chem.Rev.Lett. 343 (2001) 429.
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In [1,2], a liquid Lithium potential was obtained and tabulated for five temperature and density points that are
located near the Lithium experimental melting line [3]. We used cubic splines for energy and forces, to calculate

the Li self-diffusion coefficient.
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References:

[1] M. Canales et al, J. Phys. 5(1993) 3095.
[2] M. Canales, Phys.Rev. E50 (1994) 3656.
[1] H. Morimoto et al, to be published.
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V, rdV/dr from Table vs Splint

@ VIKT -- Table
—— Spline for y1=f(x)
o dV/dr -- Table
—— Spline for y2=f'(x) |1

Radius, A

The tabulated potential and its first derivative
given in [1,2] (circles) and cubic splines (red
and blue lines) used in this work.
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In [1], a He-Li potential function was Evaluation of forces for the He-Li potential from Ref [1].
obtained, as it is shown below.

Viep(R) = Aexp(-bR), V, (R)= —Z f.(R) %, (n=4,6,7,8)

f (R)=1—exp(~ bR)z[bR] ,

A=20.8682, b=2.554, D,=a,/2, D,=a,/2+C,, D,=-B/2,
Dy =a,/2+y/24+C,,

@, =1383192%, a,=2.4451*, a, =10.6204, y=43.104°,
B=-7.3267%, C,=0.298", C,=1098".

fR)=1- ebR{HIoR (bR)® (bR)Q(bR)“}
1 2! 3! 4

_ | (BR)’ | (bR)°
f(R)=f,(R)-e _?—FT}
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L (R)= f (R) ¢ (bﬂ,
D, B
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= f, (R) (, —6f,—¢ R7,
| (BR)*
D, f, (R)=be" [ 4' }

RS ’ ’ ’ B 6 47
- o Bf R=1 (R)+be™ —(bz) ——(bz)
References: =f (R)R—S—Sfo—g - -
[1] P.Soldan et al., Chem.Rev.Lett. 343 (2001) 429-436. t'(Ry= f.'(R)+ be-tr| (OR)"_ (BR)"

[a] D.M. Bishop, J. Pipin, Chem.Rev.Lett. 236 (1995) 15. 7 ¢ 7! 6!

[b] R.Ahlrichs, H.J. B6hm, S. Brode, K.T. Tang, J.P. -

' ' i 8 7]
Toennies, J. Chem.Phys. 88 (1988) 6290. £, (Ry=f, (R)+be ™ (b%— (b%

. . . =f, (R)—Z—7
Atomic units: Distance a,=0.529A, Energy E, = 27.2eV, R
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Liquid Lithium preparation:

Lithium positions at t/dt=1000,

Li ion positions at t/dt=10,000,
density 0.508g/cm3,T=258K

density 0.52 g/cm3, T=453K
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< 2% PENCIE )
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-20 G o B T W e s wm B s e o 85 o T oo P =20 4
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a0 | mesememmmeeelien bl | time steps. After that the
- B S I N A OO SN O -30
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40 - w liquid was equilibrated for
- = = X, - <40 30 20 10 O 10 20 M
9 %0200 0 e ® Fig.8 _ A Fig.9 10,000 time steps and then
y, Angstrom . | - zvsy, of Lithium Y. ngstrom L i j
- the physical variables were

— T=470K, p=0513 g/icm3
25 & — T=528K, p=04508 gicm3 |...d
— T=574K, p=0505 gicm3
— T=7MK, p=0484 glcm3
— T=843K, p=0480 gicn3

obtained: the system
temperature (Fig.10), the
radial distribution function
(Fig.11), the velocity-
autocorrelation function (vacf)
(Fig.16), as an average for
20,000 time steps.
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Temperature, K
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MD preparation of liquid Lithium
surface for diffusion study

Liquid Lithium surface tension, GPa*A

Sparation of liquid Lithium suldidice
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MD modeling of surface
tension for liuid Lithium
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Important issues:
1) Temperature setting
should not be used in the

central area - for true
particle dynamics and a
correct sputtering Yield.
2) The surface tension is
controlled.
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o

—— D{MD @470K)=6.23x10° cm2is

— Vacf(t).l‘Vacf(O) @ 470K

f(t) (/k T) é<v O)v(t)>o

1

D(a) (k -I/) f(t)cos (wt)dt,

o
1

[
1

Mean-square-displacement, Az
I
VELOCITY AUTO-CORRELATION FUNCTION

Lo

0.2 0.3
TIME IN 107° sec

The Li self-diffusion coefficient was obtained by two methods: as a
tangent of the ionic mean-square-displacements (Fig.15) and as a
Fourier-transform of the vacf(t) (Fig.16).
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; Canales et al. petential[2) i Canales et al. potential Jed : : Canales et al. potential 1
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o fad g a) nd B E . A L 3ol
E £ S
(5] H Q - I, . R
,—; 1ed 4 ~ ’_: 1264 4 ‘ B H
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= fed - i = 1.0e4 < E s :
a] : o MD Diff coefficient g D D Coece
~=——— Experimental diff.coefficient 8.085 = e s E i :
G5 : ; § D,,=9.0142¢-5 em2/s (This MD werk)
i : 6.0e-5 4 : ; ;
de-5 - ; i
D“¢-6.4x10-5 em2/s (Murday, Colts, 1971) 4.085
285 - D,,,;=6.5x10-5 cm2fs (This MD work) 2 0p5
0 T T T T T T T 0.0 T T T T T T T 0 T T T T T T T
0.0 0.2 04 0.6 08 1.0 1.2 14 186 00 02 04 08 08 1.0 12 14 1.6 0.0 02 04 06 08 1.0 12 14

hulkgT

de4 T : T T

Jo4 | = D(®)vs e, 725K; 0484 glem3 || —— Do) vs hoolkT, BA3K; 0.48 glem3 Flg .17. Diffusion coefficients
Jed g S Canales et al. potential B Canales et al. potential &

2a4d

for liquid Lithium obtained
by Fourier transforms of the
velocity auto-correlation
functions (vacf).

The Lithium self-diffusion
coefficient could be obtained
as D(w) at =0.

D=2 5826e-4 cm2s (This MD werk)

VD Diftcoaffcert | Dip” 200616 om2ls (is WD werky

284 4

The figures correspond to the data points at which there exist an inter-ionic potential:
a) T=470K, 0.513 g/cm3; b) T=525K, 0.508 g/cm3; c) T=574K, 0.505 g/cm3; d) T=725K, 0.484

/cm3; e) T=843K, 0.48 g/cm3.
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The red lines -

trajectories for
Lithium ions.
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sEmparison withrexperimeni

S

Dependence of the self—diffuon ceicient in liquid

The MD diffusion Lithium on temperature

coefficients are

the potential [2] (Li
_ etal.).
References:
[1]. M. Canales et al,
Phys. Rev.E50 (1994)
p.3656.

[2]. Y. Li et al, Phys. Rev.
B57 (1998) p.15519.

Compared with (#  MD (Marimoto, WS potential)
: 5 + ® MWD (Marimoto, |IU-Potential)  ———r——————————1————

experiments. Hl—— -7
The red line is N*-’"P-. 1| & Experiment (Murday & Cotts D N T e
drawn as “an eye & ] ZMNaturf, AZ6 (1971) 85) //

] ., O 4 4| W Experiment (Marimoto, LiB) o ST T // .......... .
guide” for 1| w Experiment {Marimoto, Li7] L
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Summary:

 MD results for the Diffusion
constants obtained with two

methods are in good
agreement with available
experimental data;

* Interatomic potential function
IS an important issue: the
short range potentials change
the energy barriers for
diffusion.

* They give wrong diffusion
constants and change the
sputtering Yield.
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Comments for pure and He-saturated Li @ 470K:

* He* ranges may decrease with the He content in Li — this needs more analysis;
* The analysis shows more intense energy exchange for the He saturated
Li near the surface — needs bigger system;
» The Li sputtering Yield could increase with He content — need more analysis;
« Simulations are going on at higher temperatures for comparison
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Ei=80eV, 0.5% He/Li

Time: 2 fs
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MD of He7T1 sputtering with Hetslons
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MD simulation of He saturated liquid :
Lithium bombarded with He" ions |

- —@— MD (0.5%-He/Liq.Li)
| —@— MD (7% -HelLig.Li)
|| —— VFTRIM(D-sat. He/Liq.Li) |

—— VFTRIM(D-sat. He/Sol.Li) :
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— @ 7%HelLiqLi470K |
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10 20 30 40 50 60 70 8090100 10 40 50 60 70 8090100
E, . eV

He+?

Comments:

e MD takes into account the multiple collisions near the surface;

* No need for adjustment — however, the cut-off distances are important;
e Surface tension should be always compared to experimental data;

e Separation of thermal and knocked-out atoms is necessary.




SENSUBBIES in [IgUId Lithiimasss

Motivation

The mechanisms of bubble formation in liquid metals are not well
understood. They are important for liquid surface erosion under
irradiation with He ions. There is a fundamental interest to this
process [1].

Two processes, with different time scales:

1 Slow process — formation of a critical nucleus

1 MD will be used to calculate the binding energies and the kinetic
coeff|C|ents This is a huge simulation task and will be performed in the
future. If the energies and kinetic coefficients are known, the rate
equations or thermodynamic Saha equations solve the problem.

2. Fast process — Bubble collapse and sputtering

MD & MC simulations will be performed for collapse of a He bubble in
liquid Li. PBC and arealistic Li-Li and He-Li potentials were used.
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Bubble concentrations from mass action law
(Saha equations)

T=470K : : : i| Equilibrium concentrations of He bubbles
- . in liguid lithium 470K obtained by solving

o b B 00

49999799 the Saha equations of bubble composition

A, A+ A n, < 2n,

A, oA, +A |
Aceo A +HA
ZA,=const (x,t)

3
27h°k % Q
ne = nklnl( mk,T J Qk—lel eXp(:ng - Be, )a
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N <N, +n

N
Z knk = nav (¢He9TLi)
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2.5E+13 5E+133 7.5E+13 1E+14
n_.cm

av’

L

Q= Z o eXp(— kE—'_‘I_j —internal partition functions,
= d

The parameters for this model are the binding
energies E, of He bubbles in liquid Lithium. Here we

use the relation: E, = 47[[(r2k_1 + rzl)_ rzk]y

G —the surface tension of liquid Lithium

~ &, —the binding energies for the cluster of k - atoms,

g, —degeneracy of energy levels,

m, — He atomic mass, S = lk T
B

Pros:

1) The equation are easy to solve

2) The binding energies are known for large clusters

3) For small clusters they could be found by MD,
provided we know the potentials.

Contra:

1) They are equilibrium equations - do not give the

stable macroscopic bubbles

He Bhnd:m Energy (eV)
l'\.. l\ e .l‘. y-
i
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Bubble fornmaticong* -

Binary-mixture: solvent - solute

3

==

One-component system

" z167z 4 _
3 (Ap,)

=1, exp(—wcr T j,cm s

2y %
J, = p, lg Yi + Ya ,
0 S P ml% mz%

p,s — the number density of pure

F(R)_—43—”R Ap +4zyR,7,

3
Rcr:27 :>W 167[ 4 7 s
Ap, 3 (Ap,)

J =1 Oexp( /I.jcm‘3‘1

JO—IS the

kinetic  factor

solvent, Yy, and y, — the vapor mole

fractions of the solvent and the solute;

7. =3.8GPaA, R, ~10A,

As stability of a bubble is defined by R, - if itis
Ap ~0.76 GPa

small, pressure in the solvent will be negative -
the liquid is super-heated or stretched in V.

“CimmZm

Potentials for low density Li are needed!
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WIID calculations for the He

SbIE foraEon nMEtid L

Bubble formation rate could
be obtained by MD as the
number of nuclei formed by

thetime <7>,inV

‘]MD o

< 7 > -av. bubble form. time;

.__..-"'- ’ | Wcr = —KT IH(JM%j
—_ 0

e e, S w

—% The distribution function of n
small bubbles defines the / = CXp ( /r j therefore
minimum work W.
' (ry) and then
The obtained W gives the N

nucleation rate J,,p. J /
o o0 [




e bubble'stability near the surfiace
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@ He small He bubbl_gs |
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He-bubbles could be obtained as the pairs that have space proximity (a geometry
criterion) and negative relative total energies (an energy criterion) for all He
atoms in the solution.

The He binding energies could also be found and then used in Saha equations.

Conclusion for the direct MD & MC of He bubbles in Li:

e Because the critical radius for a stable He bubble in liquid Li is macroscopically
large (— mm), the real bubble formation times are too far beyond of the scope of
the conventional MD & MC methods;

e The newly developed Activation-Relaxation techniques may help to avoid the
barriers and accelerate the simulation of He bubble formation.




Time: 9 fs




SUMMArY " g

» Our extensive MD simulations of liquid Lithium show that MD has great
capabilities for calculations of diffusion constants. Indeed, MD can do
much more — together with the rate and Saha equations — it could be
used to study a vast majority of the processes near the liquid Li and
other metal surfaces. However, we need good potentials.

» Preliminary MD calculations of He/Li sputtering Yield bombarded with
He+-ions with E<100eV have been carried out for liquid Li saturated
with He and they show that MD is a convenient and a straightforward

computational PMI method, without adjusting parameters.

MD & MC methods has been used to study the kinetics of small He
bubble formation and the dynamics of He bubbles near the liquid Li
surface. MD could be used to shed the light at the most difficult

problem in the theory of phase transition of binary liquids.

Future study should be concentrated on the rate and Saha equation
approaches -- a huge computational task of computing the kinetic
coefficients and binding energies.
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[A.R. Imre, Per. Polytech. 44, 39 (2000)]
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